C
ancer stem cells are found in several cancer tissues and are considered to facilitate tumorigenesis because of their abilities to self-renew and transform into multiple cell types. 1 CD44 is a cell-surface marker implicated in the development of cancer stem cells. Several isoforms of CD44 are generated by alternative splicing of its variant exons.
2 CD44 variant 9 (CD44v9)-positive cancer stem-like cells show enhanced metastasis and treatment resistance. 3, 4 These cells strongly contribute to the development and recurrence of gastric cancer. [5] [6] [7] However, the origin of CD44v9-positive cells is uncertain.
Large-scale prospective cohort studies have shown a close relationship between chronic Helicobacter pylori infection and gastric carcinogenesis. 8, 9 The H pylori-derived virulence factor cytotoxin-associated gene A (CagA) translocates into host epithelial cells via the bacterial type IV secretion system and functions as an oncogenic driver in gastric epithelial cells. [10] [11] [12] CagA causes reprogramming and de-differentiation of fully differentiated cells into tissue stem-like precursor cells with cancer stem cell properties. [13] [14] [15] However, translocated CagA usually is degraded by autophagy. 16 Therefore, CagA must evade autophagic degradation and accumulate in host epithelial cells to promote their reprogramming and differentiation into tissue stem-like precursor cells with cancer stem cell properties. Indeed, our previous report showed that translocated CagA accumulates in CD44v9-positive cancer stem-like cells in human gastric cancer tissues by evading autophagic degradation. 16 Capping actin protein of muscle Z-line a subunit 1 (CAPZA1) plays an important role in the regulation of actin polymerization and cell motility by binding to the barbed ends of actin filaments. [17] [18] [19] [20] In addition to these functions, we previously showed that CAPZA1 negatively regulates autophagy by repressing expression of lysosomal-associated membrane protein 1. 21 Consequently, the autophagic pathway is repressed because of inhibition of autolysosome formation in CAPZA1-overexpressing gastric epithelial cells infected with H pylori, resulting in accumulation of translocated CagA. 21 Therefore, the presence of CAPZA1-overexpressing cells in H pylori-infected gastric mucosa is thought to increase the risk of gastric carcinogenesis. However, it is uncertain how accumulation of CagA in CAPZA1-overexpressing cells is associated with the development of gastric cancer. Here, we show that CAPZA1 enhances expression of b-catenin, which is a transcription factor for CD44, and epithelial splicing regulatory protein 1 (ESRP1), which increases alternative splicing of CD44 to generate CD44v9. Consequently, CAPZA1-overexpressing cells become CD44v9-positive cells after accumulation of CagA.
Results

CD44v9 Expression Is Induced Specifically in CAPZA1-Overexpressing Gastric Epithelial Cells on H pylori Infection
We previously reported that the H pylori-derived oncoprotein CagA, which usually is degraded by autophagy, is stabilized in CD44v9-positive cancer stem-like cells in human gastric cancer tissues. 16 In addition, we recently reported that CagA evades autophagic degradation and accumulates in CAPZA1-overexpressing cells in human gastric cancer tissues, indicating that the presence of CAPZA1-overexpressing cells in H pylori-infected gastric mucosa increases the risk of gastric carcinogenesis. 21 Based on our previous reports, we hypothesized that CD44v9 expression is enhanced in CAPZA1-overexpressing cells in H pylori-infected gastric mucosa. To test this hypothesis, we assessed whether CD44v9 is expressed in CAPZA1-overexpressing cells in gastric cancer tissues obtained from 5 cases of human gastric adenocarcinoma (cases 1, 2, and 3 showed poorly differentiated adenocarcinoma; cases 4 and 5 showed welldifferentiated adenocarcinoma). CD44v9 expression was detected in cells strongly stained for CAPZA1 (CAPZA1-overexpressing cells) ( Figure 1A ). CAPZA1-overexpressing cells were detected consistently across the gastric cancer tumors, and CD44v9-positive cells selectively were detected among CAPZA1-overexpressing cells ( Figure 1A ). In addition, the staining intensity of CAPZA1 was significantly higher in CD44v9-positive cells than in adjacent CD44v9-negative cells based on analysis of 19 CD44v9-positive and CD44v9-negative cells in 10 regions of 5 human gastric cancer tissues (cases 1-5) ( Figure 1B ). These results suggest that CD44v9 and CAPZA1 are co-expressed in human gastric cancer tissues. We subsequently examined whether CD44 expression induces CAPZA1 expression by transfecting human gastric cancer cell line (MKN28) cells with an expression vector harboring the CD44 standard isoform (CD44s) or CD44v9. 16 Overexpression of CD44s or CD44v9 did not increase messenger RNA (mRNA) or protein expression of CAPZA1 (Figure 2A and B) . Subsequently, to examine the effect of overexpression of CAPZA1 on CD44v9 mRNA expression, we analyzed CD44v9 mRNA expression in pCMActrl-transfected human gastric carcinoma cell line (AGS) cells (AGS cells) and mammalian expression vector (pCMV)-CAP-ZA1-transfected AGS cells (CAPZA1-overexpressing AGS cells). Overexpression of CAPZA1 did not increase CD44v9 mRNA expression significantly ( Figure 2C ). We subsequently infected CAPZA1-overexpressing AGS cells with the H pylori G27 strain or H pylori G27 cytotoxin-associated gene-pathogenicity island (cagPAI)-deleted isogenic mutant strain (H pylori G27 DcagPAI) for 5 hours and cultured them in antibiotic-containing medium for 24 hours, and then analyzed CD44v9 mRNA expression. H pylori G27 infection did not increase CD44v9 mRNA expression significantly in AGS cells ( Figure 2C ). By contrast, CD44v9 mRNA expression was significantly higher in CAPZA1-overexpressing AGS cells infected with H pylori G27 than in noninfected CAPZA1-overexpressing AGS cells ( Figure 2C ). H pylori G27 DcagPAI infection did not increase CD44v9 mRNA expression in CAPZA1-overexpressing cells ( Figure 2C ). Based on these findings, accumulation of CagA caused by H pylori infection of CAPZA1-overexpressing cells are hypothesized to increase CD44v9 mRNA expression. To determine whether CagA accumulation helps to induce CD44v9 mRNA expression, we examined CagA-expressing pTet-off-cagA transfected MKN28 cells (WT-A10) cells, in which forced CagA expression was induced by the pTet-off-cagA expression vector upon culture in the absence of doxycycline for 24 hours. 16 Although the level of CD44v9 mRNA expression in WT-A10 cells without stable CagA expression was equivalent to that in MKN-II cells, it was increased significantly in CagA-expressing WT-A10 [1] [2] [3] [4] [5] , the intensity of CAPZA1 staining was quantified using ImageJ. The box-and-whisker plot presents the full range of variation, interquartile range, and median values. The data points indicate the CAPZA1 staining intensity of each cell. *P < .05 by the Student t test. cells ( Figure 2D ). We subsequently examined whether CagA accumulation increases CAPZA1 expression. CAPZA1 mRNA expression was not increased in CagA-expressing WT-A10 cells ( Figure 2D ). These results indicate that accumulation of CagA resulting from H pylori infection in CAPZA1-overexpressing cells induces mRNA expression of CD44v9.
CagA reportedly mediates transactivation of Sal-like protein 4 (SALL4) and Krüppel-like factor 5 (KLF5), which are reprogramming factors that promote the acquisition of stem cell properties in gastric epithelial cells. 22 We investigated whether expression of SALL4 and KLF5 was increased in CAPZA1-overexpressing cells infected with H pylori. Infection of H pylori G27 increased mRNA expression of SALL4 and KLF5 in CAPZA1-overexpressing AGS cells by 2.4-and 3.5-fold, respectively ( Figure 2E ). Furthermore, mRNA expression of SALL4 and KLF5 was significantly higher in CAPZA1-overexpressing AGS cells infected with H pylori G27 than in AGS cells infected with H pylori G27 ( Figure 2E ). On the other hand, mRNA expression of SALL4 and KLF5 was not increased in CAPZA1-overexpressing AGS cells infected with H pylori G27 DcagPAI ( Figure 2E ).
Increased Expression of ESRP1 and b-Catenin in CAPZA1-Overexpressing Cells, in Combination With Accumulation of CagA, Induces CD44v9 Expression Translocated CagA was strongly detected in CAPZA1-overexpressing cells infected with H pylori G27 and was not detected in H pylori G27-infected AGS cells or H pylori G27 DcagPAI-infected cells, confirming that translocated CagA accumulates in CAPZA1-overexpressing AGS cells ( Figure 3A) . Overexpression of CAPZA1 did not induce CD44v9 expression ( Figure 3A, lanes 1 and 2) . In addition, H pylori G27 infection did not induce CD44v9 expression in AGS cells ( Figure 3A , lanes 1, 3, and 5). By contrast, H pylori G27 infection significantly enhanced CD44v9 expression in CAPZA1-overexpressing AGS cells ( Figure 3A, lanes 2 and 4) . Expression of CD44s in CAPZA1-overexpressing AGS cells was higher than that in AGS cells and was increased further by H pylori G27 infection ( Figure 3A ). CD44v9 is generated by alternative splicing of CD44 mediated by ESRP. 23 Intriguingly, basal ESRP1 expression was higher in CAPZA1-overexpressing AGS cells than in AGS cells ( Figure 3A , lanes 1 and 2). CD44 is a target gene of nuclear b-catenin. 24 Basal expression of b-catenin also was higher in CAPZA1-overexpressing AGS cells than in AGS cells ( Figure 3A , lanes 1 and 2). CagA is reported to enhance nuclear accumulation of b-catenin. 25, 26 H pylori G27 infection tended to increase nuclear accumulation of b-catenin in AGS cells ( Figure 3B , lanes 2 and 6, and C). Nuclear accumulation of b-catenin in CAPZA1-overexpressing AGS cells was enhanced further by H pylori G27 infection, but not by H pylori G27 DcagPAI infection ( Figure 3B and C) . This is thought to be because CagA is degraded by autophagy in AGS cells, but escapes from autophagic degradation in CAPZA1-overexpressing AGS cells and thereby strongly induces nuclear translocation of b-catenin. To investigate whether this increase in nuclear accumulation of b-catenin was associated with the induction of CD44 expression, we reduced the nuclear and cytosolic levels of bcatenin in AGS cells via CCT031374 hydrobromide treatment. 27 Treatment with CCT031374 at concentrations higher than 5 mmol/L reduced the total b-catenin level in CAPZA1-overexpressing AGS cells infected with H pylori and, consequently, H pylori-mediated induction of CD44 expression was suppressed significantly ( Figure 3D ). By contrast, CCT031374 treatment did not attenuate the increase in CD44v9 expression significantly ( Figure 3D ). We subsequently examined ESRP1 expression in CAPZA1-overexpressing AGS cells treated with CCT031374. Treatment with CCT031374 scarcely affected the high expression of ESRP1 in CAPZA1-overexpressing AGS cells ( Figure 3E ). Based on these results, we hypothesized that up-regulation of CD44v9 expression in CAPZA1-overexpressing cells infected with H pylori is mediated mainly by ESRP1. To test this hypothesis, we assessed the effect of ESRP1 knockdown on upregulation of CD44v9 expression. To rule out any off-target effects of the small interfering RNA (siRNA), we used 2 different ESRP1-targeting siRNAs (ESRP1 siRNA 1 and ESRP1 siRNA 2). ESRP1 knockdown attenuated the up-regulation of CD44v9 expression in CAPZA1-overexpressing AGS cells infected with H pylori in comparison with control siRNA ( Figure 3F ). These results indicate that up-regulation of CD44v9 expression in CAPZA1-overexpressing cells is owing mainly to increased expression of ESRP1, but not of b-catenin. Collectively, our findings suggest that CAPZA1 overexpression predisposes cells to develop into CD44v9-positive cells via accumulation of CagA upon H pylori infection. , infected with H pylori G27 or H pylori G27 DcagPAI for 5 hours (multiplicity of infection, 50), and incubated in antibioticcontaining medium for 24 hours. mRNA expression of CD44v9 was measured by real-time qPCR. Data are presented as the means ± SD of 3 independent assays. *P < .05, **P < .01. P values were calculated by the Student t test (left panel) and a 1-way analysis of variance (right panel). (D) MKN28 cells were transfected with pTet-off-ctrl (MKN-II cells) or pTet-off-cagA (WT-A10 cells). CagA expression in WT-A10 cells was induced by culture in the absence of doxycycline for 24 hours. mRNA expression of CD44v9 and CAPZA1 was determined by real-time qPCR. Data are presented as the means ± SD of 3 independent assays. *P < .01. P values were calculated by a 1-way analysis of variance. (E) AGS cells were transfected with pCMV-ctrl or pCMV-CAPZA1, infected with H pylori G27 or H pylori G27 DcagPAI for 5 hours (multiplicity of infection, 50), and incubated in antibiotic-containing medium for 24 hours. mRNA expression of SALL4 and KLF5 was determined by real-time qPCR. Data are presented as the means ± SD of 3 independent assays. *P < .05, **P < .01. P values were calculated by a 1-way analysis of variance.
H pylori Infection-Induced Oxidative Stress Increases CAPZA1 Expression in the Gastric Mucosa
Our previous report showed that chronic H pylori infection significantly increases CAPZA1 expression in the gastric mucosa of Mongolian gerbils and that CAP-ZA1-overexpressing cells are detected throughout the gastric mucosal epithelium from gastric glands to gastric pits. 21 By contrast, H pylori infection does not up-regulate CAPZA1 expression in AGS cells in vitro, indicating that it does not directly induce CAPZA1 expression in gastric epithelial cells. 21 In the present study, we investigated how CAPZA1 expression is induced in H pylori-infected gastric mucosal epithelium. The inflammatory response in H pylori-infected gastric mucosa, which is induced via reactive oxygen species and reactive nitrogen species generated by neutrophils and monocytes, contributes to the development of H pylori-related disease. 28 On the other hand, CD44v9-positive cells show enhanced resistance to reactive oxygen species owing to stabilization of the glutamate-cystine transporter the glutamate-cystine transporter (xCT) at the cytoplasmic membrane. 3 Ishimoto et al 29 proposed that chronic inflammation induced by H pylori infection leads to the generation of CD44v9-positive cells. We thus hypothesized that this inflammatory response contributes to the induction of CAPZA1 expression, leading to development of CD44v9-positive cells. To investigate this, we examined changes in CAPZA1 expression in AGS cells upon treatment with hydrogen peroxide or di-tert-butyl peroxide. Treatment with hydrogen peroxide or di-tert-butyl peroxide increased CAPZA1 expression in a dose-dependent manner ( Figure 4A ). In addition, these increases were abrogated by N-acetylcysteine (NAC) treatment ( Figure 4B ). We previously reported that alteration in the chromatin structure by acetylated histone H3 is involved in induction of CAPZA1 expression. 21 We subsequently analyzed alterations in the chromatin structure of the CAPZA1 proximal promoter region in AGS cells treated with hydrogen peroxide or ditert-butyl peroxide by performing chromatin immunoprecipitation (ChIP) with an antibody against acetylated histone H3. We used quantitative polymerase chain reaction (qPCR) primers that specifically targeted 1 kb downstream of the transcription start site of CAPZA1. The level of acetylated histone H3 was increased significantly upon hydrogen peroxide or di-tert-butyl hydroperoxide treatment, but was unaltered upon NAC treatment ( Figure 4C ). These observations suggest that oxidative stress induces CAPZA1 expression via enhanced histone H3 acetylation of the CAPZA1 promoter.
H pylori infection significantly increased CAPZA1 expression in the gastric mucosa of Mongolian gerbils ( Figure 5A ). Malondialdehyde and protein carbonyl levels are used as biomarkers of oxidative stress. There was a significant linear correlation between CAPZA1 expression and lipid peroxidation (r ¼ 0.76; P ¼ .01), and between CAPZA1 expression and protein carbonylation (r ¼ 0.65; P ¼ .04) ( Figure 5B ). To visually assess the relationship between oxidative stress and CAPZA1 overexpression in H pylori-infected gastric epithelium, we performed immunostaining of 8-hydroxy-2'-deoxyguanosine, which is produced upon oxidative damage of the nucleoside deoxyguanosine and then excreted extracellularly. CAPZA1-overexpressing cells in H pylori-infected gastric mucosa mainly colocalized with 8-hydroxy-2'-deoxyguanosine-positive cells ( Figure 5C , no. 1-4). These results suggest that oxidative stress induced by H pylori infection increases CAPZA1 expression. We subsequently examined whether CD44v9 expression was induced in CAPZA1-overexpressing cells in H pylori-infected gastric mucosa. In gastric mucosa of 2 of 5 Mongolian gerbils, CD44v9-positive cells were detected among CAPZA1-overexpressing cells, indicating that CD44v9 expression is induced not only by CAPZA1 overexpression ( Figure 6 ). When considered together with the in vitro H pylori infection data, adherence of H pylori to CAPZA1-overexpressing cells leading to CagA accumulation in H pylori-infected gastric mucosa is considered to be required for the development of CD44v9-positive cells.
We subsequently investigated the effect of eradication therapy on the level of CAPZA1 expression by examining 5 patients with H pylori infection and 5 patients who had b-catenin localization in the cytoplasmic (Cyt) and nuclear (Nuc) fractions was examined. Data are presented as the means ± SD of 3 independent assays. **P < .01. P values were calculated by 1-way analysis of variance. (C) AGS cells were transfected with pCMV-ctrl or pCMV-CAPZA1, infected with H pylori G27 or H pylori G27 DcagPAI for 5 hours (multiplicity of infection, 50), incubated in antibiotic-containing medium for 24 hours, and stained for b-catenin. Scale bar: 20 mm. (D) AGS cells were transfected with pCMV-CAPZA1, infected with H pylori ATCC700392 for 5 hours (multiplicity of infection, 50), and incubated in antibiotic-and CCT031374-containing medium for 24 hours. Expression of CD44v9 and CD44s was examined. Data are presented as the means ± SD of 3 independent assays. *P < .05. P values were calculated by 1-way analysis of variance. (E) AGS cells were transfected with pCMV-ctrl or pCMV-CAPZA1, and incubated in CCT031374-containing medium for 24 hours. Expression of CAPZA1, b-catenin, and ESRP1 was examined. (F) AGS cells were transfected with pCMV-CAPZA1, subsequently transfected with control siRNA (-) or 2 different ESRP1 siRNAs 1 and 2, infected with H pylori ATCC700392 for 5 hours, and incubated in antibiotic-containing medium for 24 hours. Expression of ESRP1, CD44v9, CD44s, and b-catenin was examined. Data represent the means ± SD of 3 independent assays. **P < .01. P values were calculated by 1-way analysis of variance.
received eradication therapy. CAPZA1-overexpressing cells were detected in tissues not only of H pylori-infected patients, but also of H pylori-eradicated patients ( Figure 7A ). By using individual images acquired from 10 patients (5 per group), we assessed the staining intensity of CAPZA1 per cell. The data points in Figure 7B represent the average CAPZA1 staining intensity per cell in each individual image. The level of CAPZA1 expression per cell tended to be reduced in gastric biopsy specimens from patients who had received H pylori eradication therapy; however, this difference was not statistically significant ( Figure 7B ). These biopsy specimens were taken from patients with a mildto-moderate level of neutrophil infiltration. Therefore, continuation of the inflammatory response after eradication therapy is thought to contribute to induction of CAPZA1 overexpression. CAPZA1 overexpression was detected mainly in gastric pits and gastric gland ductal epithelium, but also was detected in other cell types ( Figure 7A ). Although these cell types were not identified, we showed that CD44v9 expression was detected in CAPZA1-overexpressing cells in gastric epithelium with or without H pylori eradication therapy and that the expression patterns of CD44v9 and CAPZA1 co-localized ( Figure 7A and C, cases 6, 7, 9, and 11). These results suggest that CAPZA1 overexpression in gastric epithelium contributes to the development of CD44v9-positive cells in H pylori-infected human gastric mucosa. Moreover, expression of ESRP1 was detected in gastric tissues containing CD44v9-positive cells and the expression patterns of CAPZA1 and ESRP1 co-localized ( Figure 8A ). In addition, nuclear localization of b-catenin was detected in CAPZA1-overexpressing cells ( Figure 8B ). These biopsy specimens were taken from inflamed tissue that did not show dysplasia, and these patients had not progressed to gastric cancer. Nevertheless, CD44v9 expression was detected in CAPZA1-overexpressing cells of tissue that was inflamed owing to H pylori infection ( Figure 7 ). In addition, CD44v9 expression was detected in CAPZA1-overexpressing cells of H pylori-eradicated tissue ( Figure 7A and C, case 11), suggesting that accumulation of CagA caused by H pylori infection contributes to induction of (A) AGS cells were incubated with hydrogen peroxide or di-tert-butyl peroxide for 2 hours, and then the CAPZA1 expression level was analyzed. (B) AGS cells were incubated with NAC for 24 hours before treatment with hydrogen peroxide or di-tertbutyl peroxide, and then CAPZA1 expression was analyzed. (C) AGS cells were incubated with NAC for 24 hours before treatment with hydrogen peroxide or di-tert-butyl peroxide. Thereafter, these cells were analyzed by a ChIP assay with an anti-histone H3 (acetyl K9) antibody or IgG obtained from rabbit serum. Real-time PCR showed the relative enrichment of the CAPZA1 promoter in the DNA fragments pulled down by an anti-histone H3 (acetyl K9) antibody. Data are presented as the means ± SD of 3 independent assays. *P < .05. P values were calculated by a 1-way analysis of variance. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
CD44v9 expression after eradiation therapy. These findings show that analysis of CAPZA1 expression levels after eradication therapy can provide important insights into the risk of gastric cancer after H pylori eradication.
These findings show that H pylori infection induces CD44v9 expression in CAPZA1-overexpressing cells as follows: (1) overexpression of CAPZA1 enhances expression of b-catenin, (2) overexpression of CAPZA1 induces high ESRP1 expression, (3) H pylori infection of CAPZA1-overexpressing cells enhances nuclear translocation of b-catenin owing to accumulation of CagA, and (4) ESRP1 overexpression promotes alternative splicing of CD44total to generate CD44v9 ( Figure 8C ). By contrast, in H pylori-infected cells not overexpressing CAPZA1, CD44v9 expression is not induced because CagA is degraded by autophagy, and b-catenin and ESRP1 are lowly expressed ( Figure 8C ).
Discussion
The present study makes a significant contribution to the field of carcinogenesis in H pylori-infected gastric mucosa. Increased expression of SALL4 and KLF5 induced by CagA promotes an intestinal stem/progenitor-like state and thereby is implicated in intestinal metaplasia of the gastric mucosa. 22 This suggests that acquisition of stem cell properties in gastric epithelial cells via CagA-mediated up-regulation of SALL4 and KLF5 is associated with the development of gastric cancer. Here, H pylori infection increased mRNA expression of SALL4 and KLF5 in CAPZA1-overexpressing cells more than in pCMV6-ctrl-transfected cells ( Figure 2E) . Therefore, H pylori was considered to robustly induce stem cell properties in CAPZA1-overexpressing gastric epithelial cells.
H pylori mainly adheres to mucus pit cells, which are terminally differentiated cells with a short lifespan, and injects CagA via the bacterial type IV secretion system. 30 Injected CagA usually is degraded by autophagy. 16 Therefore, CagA must evade autophagic degradation to promote reprogramming of mucus pit cells and their dedifferentiation into tissue stem-like precursor cells. We previously reported that CAPZA1 also is overexpressed in mucus pit cells and that CagA evades autophagic degradation in CAPZA1-overexpressing cells. 21 Therefore, intestinal transdifferentiation of gastric epithelial cells and expansion of CD44v9-positive cells are thought to occur when CAPZA1-overexpressing pit cells are abundant in H pylori-infected gastric mucosa.
H pylori infection induces a chronic inflammatory response by the host. 28 Chronic oxidative stress is thought to increase the risk of gastric carcinogenesis by increasing the level of DNA damage and by preventing DNA repair. 31 Here, we showed that the levels of CAPZA1 expression and oxidative damage in H pylori-infected gastric mucosa were correlated significantly (Figures 4 and 5) . Therefore, eradication therapy is thought to decrease the level of CAPZA1-overexpressing cells in gastric mucosa because it effectively reduces chronic inflammation caused by H pylori infection. In the present study, CAPZA1 expression was decreased after eradication therapy, but this effect was not significant ( Figure 7B ). The reason for this may be that these biopsy specimens were taken from patients with a mild-to-moderate level of neutrophil infiltration even after eradication therapy. These findings suggest that continuation of the inflammatory response after eradication therapy contributes to formation of CD44v9-positive cells owing to survival of CAPZA1-overexpressing cells with accumulated CagA. In fact, we observed CD44v9-positive cells in gastric tissues from a patient who had received eradiation therapy ( Figure 7A and C) . Fukase et al 32 reported that H pylori infection and gastric cancer are closely related, and that eradication therapy helps to prevent metachronous gastric carcinogenesis. However, the annual incidence of metachronous gastric cancer is up to 2.5%, indicating that gastric cancer develops even after bacterial eradication. 33 Our findings suggest that CAPZA1-overexpressing cells remaining in the gastric mucosa after eradication therapy increase the risk of metachronous gastric cancer and that reduction of CAPZA1 expression by amelioration of chronic inflammation after eradication therapy is important to prevent the development of gastric cancer.
The present study focused on whether CAPZA1-overexpressing cells are progenitors of CD44v9-positive cells in H pylori-infected gastric mucosa. CAPZA1-overexpressing cells were detected in both poorly differentiated (cases 1, 2, and 3) and well-differentiated (cases 4 and 5) adenocarcinoma, and these cells expressed CD44v9 (Figure 1) . Overall, our data show that CD44v9-positive cells arise from CAPZA1-overexpressing cells in H pylori-infected gastric mucosa. Lee et al 34 reported that the appearance of CAPZA1-overexpressing cells is related to welldifferentiated tumors, but there is no difference in terms of intestinal-and diffuse-type adenocarcinomas. In addition, Go et al 35 showed that the positive expression rate of CD44v9 is increased significantly in well-differentiated adenocarcinoma. Based on these reports, the positive expression rate of CD44v9 may correlate with the appearance of CAPZA1-overexpressing cells, consistent with our results.
Cancer stem cells, which have similar characteristics to tissue stem/progenitor cells, 36 are believed to be key tumorinitiating cells and underlie cancer recurrence. 37 We previously reported that the rate of gastric cancer recurrence among patients who have undergone endoscopic treatment for primary early gastric cancer is significantly higher in the CD44v9-positive cohorts than in the CD44v9-negative cohorts. 5 Here, we show that CAPZA1-overexpressing cells are progenitors of CD44v9-positive cells. Thus, the present study provides important insights into the mechanisms underlying gastric carcinogenesis in H pylori-infected gastric mucosa, which can be used to prevent de novo development and metachronous recurrence of gastric cancer.
Materials and Methods
Cell Culture
The human gastric cancer cell line AGS was purchased from American Type Culture Collection (Rockville, MA) and cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS). WT-A10 and MKN-II cells were maintained in RPMI 1640 medium supplemented with 10% FBS, 10 mmol/L HEPES, 1 mmol/L sodium pyruvate, 0.1 mmol/L nonessential amino acids, 2 mmol/L L-glutamine, 500 mg/mL G418, 100 mg/mL hygromycin B, and 0.2-1 mg/mL doxycycline. 16 CagA expression in WT-A10 cells was induced by culture in the absence of doxycycline for 24 hours. 16 MKN28 cells cultured in RPMI 1640 medium (Invitrogen) were supplemented with 10% FBS. 16 
Bacterial Strains and Culture Conditions
H pylori strains ATCC700392, G27, G27 cagPAI-deleted isogenic mutant, KS0651, KS0706, KS0635, KS0691, and KS0791 were cultured on Brucella Agar (Becton-Dickinson, Franklin Lakes, NJ) containing 7% sheep blood and 7% FBS for 2 days at 37 C under microaerobic conditions, which were maintained using AnaeroPack MicroAero (Mitsubishi Gas, Tokyo, Japan). KS numbered strains were isolated from gastric biopsy specimens and stored at -80 C in Brucella Broth (Becton-Dickinson) containing 25% glycerol. Scientific), and anti-F-actin-capping protein subunit a-1 (AB6016, 1:500; Merck Millipore) antibodies were used for immunohistochemistry, and an anti-b-catenin antibody (610154, 1:50; BD Biosciences) was used for fluorescence immunocytochemistry. Cells were grown to subconfluence and transfected with ESRP1 siRNA 1 (SI04337956, Hs_RBM35A_3; Qiagen, Valencia, CA) and ESRP1 siRNA 2 (SI04178944, Hs_RBM35A_1; Qiagen) using Lipofectamine 2000 (11668027; Thermo Fisher Scientific) according to the manufacturer's instructions. As a nonsilencing control cells were transfected with AllStars Negative Control siRNA (SI03650318; Qiagen).
Drugs and Antibodies
In Vitro Infection of H pylori
Cells were incubated with H pylori ATCC700392, G27 (H pylori G27) or G27 cagPAI-deleted isogenic mutant strain (H pylori G27 DcagPAI) for 5 hours (multiplicity of infection, 50), and bacteria were killed by incubation in RPMI 1640 medium containing 400 mg/mL kanamycin for 24 hours.
In Vivo Infection of H pylori
Six-week-old Mongolian gerbils (MON/Jms/Gbs) were purchased from Japan SLC Inc (Shizuoka, Japan) and then were inoculated with H pylori KS0651, KS0706, KS0635, KS0691, or KS0791 (8 Â 10 8 colony-forming units/mL each). Seven months later, the animals were killed and their stomachs were excised. To confirm H pylori infection, the number of viable colony-forming units was determined by plating samples on Nissui Helicobacter agar (Nissui Pharmaceutical, Tokyo, Japan). Levels of malondialdehyde and protein carbonylation were measured using a TBARS Assay Kit (Cayman, Ann Arbor, MI) and an OxiSelect Protein Carbonyl Enzyme-Linked Immunosorbent Assay Kit (Cell Biolabs, San Diego, CA), respectively.
ChIP Assay
ChIP was performed using a Simple ChIP Plus Sonication Chromatin IP Kit (56383S; Cell Signaling Technology, Beverly, MA) following the manufacturer's instructions. Cross-linking was performed using a 1% formaldehyde solution in phosphate-buffered saline. Before immunoprecipitation, each input fraction was saved and used as a positive control. The supernatants were immunoprecipitated with anti-histone H3 (acetyl K9) (ab4441; Abcam) antibodies or IgG from rabbit serum (18140; Sigma-Aldrich) at 4 C overnight. Then, the resulting enriched genomic DNA samples were measured by qPCR using the EpiTect ChIP-qPCR Primer Assay kit for CAPZA1 (GPH100073(-)01A; Qiagen; -1 kb from the transcription start site). These ChIP qPCR primers were predesigned, and qPCR assays were optimized to measure genomic DNA in the region -1 kb from the transcription start site of CAPZA1.
Human Tissue Specimens
Human gastric adenocarcinoma tissue specimens (case 1: 80-year-old man, poorly differentiated adenocarcinoma; case 2: 51-year-old man, poorly differentiated adenocarcinoma; and case 3: 35-year-old man, poorly differentiated adenocarcinoma) were obtained from ReproCELL Incorporated (Yokohama, Japan). Human early gastric adenocarcinoma tissue specimens were obtained from a 75-year-old man (case 4) and a 71-year-old man (case 5), both of whom underwent endoscopic submucosal dissection at Keio University Hospital. The pathologic diagnosis of both specimens was well-differentiated adenocarcinoma according to the Japanese Gastric Cancer Association classification of gastric carcinoma (14th edition). Human gastric biopsy specimens (antrum and body) were obtained via endoscopy. H pylori infection was evaluated by a [13C] urea breath test and histopathologic diagnosis. 38 The cut-off value for a negative urea breath test was <2.5% 39 (cases 6-10: H pylori -positive; cases 11-15: H pylori-negative). Biopsy specimens were examined histologically using H&E. The severity of neutrophil infiltration was classified into 4 grades (absent, mild, moderate, and severe) according to the updated Sydney system. 40 CAPZA1 expression was evaluated immunohistologically. The staining intensity of CAPZA1 per cell was analyzed using image analysis software (Tissue Quest version 4.0; TissueGnostics, Vienna, Austria).
Fluorescence Immunocytochemistry AGS cells were infected with H pylori for 5 hours, incubated in RPMI 1640 culture medium containing 400 mg/mL kanamycin for 24 hours, washed in phosphate-buffered saline, fixed with 4% paraformaldehyde, and incubated with an anti-b-catenin antibody (Cell Signaling Technology). Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) was used as the secondary antibody. Nuclei (blue) were stained with 4 0 ,6-diamidino-2-phenylindole. Samples were examined using an LSM710 Zeiss (Carl Zeiss Meditec, Jena, Germany) confocal microscope.
Immunohistochemistry
Tissue sections were fixed in 4% paraformaldehyde, depleted of paraffin, and rehydrated using a graded ethanol series. Thereafter, the sections were subjected to antigen retrieval by heating for 10 minutes at 105 C in Target Retrieval Solution (pH 9.0; Dako, Tokyo, Japan) and incubated overnight at 4 C with a primary antibody. Immunoreactivity was detected using Alexa Fluor 568-conjugated anti-rat IgG and Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen). Samples were examined using an LSM710 Zeiss confocal microscope.
RNA Isolation and Quantitative ReverseTranscription PCR
Total RNA was isolated using an SV Total RNA Isolation System (Promega, Madison, WI). Reverse transcription was performed using a PrimeScript Reverse Transcription reagent Kit (Takara, Ohtsu, Japan) in accordance with the manufacturer's guidelines. PCR was performed using a SYBR Premix Ex Taq Perfect Real Time kit (Takara), a Thermal Cycler Dice Real Time System (Takara), and the following primers: CD44total: forward: 5'-CCGCTATGTCCAGAAA GGA-3', and reverse: 5'-CTGTCTGTGCTGTCGGTGAT-3'; CD44v9: forward: 5'-GGCTTGGAAGAAGATAAAGACC-3', and reverse: 5'-TGCTTGATGTCAGAGTAGAAGTTG-3'; SALL4: forward:
5'-TCGTCTGCTAGCGCTCTTCAGATC-3', and reverse: 5'-CGGCGGGCTGAGTTATTGTTCG-3'; KLF5: forward: 5'-TAACCCCGATTTGGAGAAAC-3', and reverse: 5'-TGGCTTTT CACCAGTGTGAG-3'; CAPZA1: forward: 5'-ACAATCTCCTC AGGGAAGGGG-3', and reverse: 5'-TGCTTCTTTCCGTAAGTG GTCAAA-3'; and GAPDH: forward: 5'-GACATCAAGAA GGTGGTGAAGCAG-3', and reverse: 5'-ATACCAGGAAATGAGC TTGACAAA-3'. GAPDH was used as the internal control.
Western Blot
Total protein (10 mg/lane) was separated on a 4%-12% NuPAGE gradient gel (Invitrogen). An anti-b-actin antibody (Sigma-Aldrich) was used as the loading control. Immunoreactive bands were detected by chemiluminescence using ECL Prime (GE Healthcare, Piscataway, NJ). Signals were quantified using ImageJ software (National Institutes of Health, Bethesda, MD).
Study Approval
This study was performed in accordance with the principles of the Declaration of Helsinki. Isolation of H pylori strains from participants and biopsy of gastric mucosal tissues for research use were approved by the Ethics Committee of the Keio University School of Medicine (20130040, 20070068, and 20140102) . All participants provided written informed consent. Animal experiments and procedures were approved by the Keio University Animal Research Committee (08080-12).
Statistics
All values are expressed as the means ± SD. Differences between 2 groups were statistically evaluated by the Student t test with JSTAT (Tokyo, Japan) statistical software (version 8.2). For multiple comparisons, a 1-way analysis of variance was used. P < .05 was considered significant. Correlation analysis was performed using SPSS version 22 for Windows (SPSS Inc, Chicago, IL).
